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1.  Introduction 

Recent  advances  in  nanotechnology,  such  as  novel  synthesis  and  processing  methods  and 
^ning  microscopies,  have  opened  up  research  opportunities  on  materfils  with  ultrafrne 
^crostructures  •  In  particular,  the  design  of  composite  materials  oonsisUng  of  a  mixture  of 
conducUng  and  insulating  phases  in  the  nmtometer  range  has  flourished  in  the  last  few  years.  The 
hulh  electronic  properties  of  such  nanocomposite  may  he  tailored  by  altering  the  constituents, 
„eir  sire  and  shape  distributions,  or  their  relaUve  concentrations.  For  example,  semiconductor- 
ana  metal-insulator  nanostructures  exhibit  a  modified  optical  response  as  a  result  of  s.ze,  shape, 
and  surface  effects  and  have  applications  to  selective  opUcal  filters,  transparent  electrtcal 

contacts,  and  nonlinear  optical  elements. 


with  an  accessible  microporosity  can  be 


2.  Nanocomposite  Synthesis 

Natural  and  man-made  or  artificial  dielectrics 
milired  as  host  or  template  for  the  synthesis  of  nanocomposites  by  inserting  a  conducting  phase 
into  the  pores.  The  composite  microstructure  is  then  determined  by  the  pore  structure  of  the 
host  The  template  strategy  has  been  employed  to  chemically  synthesire  semiconductor  and  metal 
nanoparticles  in  microporous  dielectrics^  and  in  the  cavities  of  xeolites.>  In  those  cases  the 
conducting  phase  occupies  a  volume  fraction  typically  less  than  a  few  percent.  Many  prachcal 
npplications,  such  as  those  involving  electrical  transport,  re<,uire  a  high  concentration  and  a 
connectivity  of  the  conducting  phase.  We  focus  here  on  dense  nanocomposites,  i.e.,  those  m 
which  the  active  phase  occupies  a  volume  fraction  of  several  tens  percent. 


2.1  High  Pressure  Injection 

We  have  prepared  dense 


nanocoroposites  by  high  pressure  injection  of  the  conducting 
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,  .  An  Mtemallv  applied  hydrostatic  pressure  is 
melt  into  nanochannel  insulaung  templates. 

:::  .  o_  sur^ace  .nsion  ejects  «hich  present  .e  melt  .rom  entering  .e  n.ow 
Channels  of  insulating  hosts.  The  magnitude  of  such  pressure  depends  on  the  surface  te 

:meltandi..ettingproperdes.anditisinuerse.,propordon..^ 

,  ,.nel  diameter  one  nm>e  required  i^eedon  pressure  ranges  hetw^^ 

y.  most  me.s  and  semiconductors.  Oetaiis  ol  the  com^site  preparation  process 

eproducesdensen—^^^ 

„  ..  presents  aduanmges  ouer  chemical  preparation  routes  . 

..pect.othecomposi.ionandchemicalpurityonhecom.site.Xherangeolcom.^^^^^^^^^^^ 

The  prepared  hy  i.ection  is  limited  hy  the  sintedng  o,  the  template  which  tahes  place  at 

The  sintering  of  the  nanochannel  insulators  discussed  in  the  following 
elevated  temperatures.  The  smtenng 

.ections  sets  an  upper  limit  on  the  melting  lemperature  of  the  impregnant  of  ahout  • 

3  Composite  Microstructure 

ncUps  are  strongly  dependent  upon  the  topology 
The  electronic  properties  of  the  nanocomposites  are  strong  y 

Tn  this  context  man-made  or  artificial  templates  of 
and  connectivity  of  the  microstructure.  In  this  . 

aonlrollahle  fmrosity  (geometry,  sire,  volume  fraction)  offer  clear  ““ 
remplates  such  as  natural  routes  and  minerals.  In  continuation  we  discuss  two  d,  tinm  t^ 
composites,  with  random  and  regular  m— ures,  synthesired  from  ardficial 

templates. 


3  1  Nanoscale  Networks 

we  have  prepared  and  e—  nanocomposites  where  the  conducting  phase  is  in  the 
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to  300  nm  and  30%  to  60%  porosity  were  used  as  template  ”  Figure  1  shows 

•r  S  6  nm  average  channel  diameter 

electron  microscope  (SEM)  photograph  of  a  porous  stltca,  the  5.6  nm 

1  ed  bv  the  SEM  The  properties  of  the  composites  are  highly  repr 

is  too  small  to  be  resolved  by  the  SbM.  1  pt-  TUethree- 

,„eetheimpregnant.copies^toalargeea.nt>echan„elshuct^ 

„nal  conducang  net.orhs  thus  formed  consist  of  small,  randomly  onented  c.^ 

Since  the  material  is  homogeneous  on  the  length  scale  of  optical  — hs. 

_dng  is  minlmiaed  and  the  metallic  and  semiconducting  ne.orhs  can  be  ^  ^ 

,  e,ieal  filters  and  selective  absorbers.  The  elec.c.  and  therm,  properties  of  t. 
nsn^rystalliue  netvrorhs  may  fmd  applications  to  improved  thermoelectric  compost  es 

efficient  cooling  and  power  generation. 


1  2  Nanowire  Arrays 

■  .neuseofregularnanochanneltemplatesallowsforthepreparationofn— 

Pcl^arbonates  with  pores  made  by  nuclear  trach  etching  have  been  used  to  fabricate 

•  1  tfilhc  structures  by  electrochemical  deposition, 

dimensional  metallic  structures  y  the  melt‘d 

V,-  u  arravs  of  metallic  wires  by  injection  of  the  melt, 

n^ochannel  alumina  to  prepare  high  density  arrays  of  m 

n  K„„t  50  %  porosity  in  the  form  of  parallel,  cylindncal  channels. 
■nt  commercial  alumina  has  about  50  %  porosity 

A  micrograph  of  the  nanowire  array  is  shown  in  Figure  2. 

■  can  be  made  with  a  preferred  crystallographic  onentauon 

In  some  cases,  the  nanowires  can  be  made  wit  p 

hv  thp  x-rav  diffraction  spectra  trom 
Iri^onal  tellurium  and  bismuth  telluride  nanowire  arrays.  The  spectr 
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,  1  trt  the  hexaconal  c-axis  and  indicate  that  the  crystal 

diffraction  peaks  from  crystal  planes  parallel  to  the  hexago 

g^ns,  of  minimum  size  along  .ho  wire  longh.  of  about  80  nm  (from  .ho  diffraction  poah 
widtha),  aro  orionM  with  tho  c-axis  potpondicular  to  0,0  wiro  longth.  Fundamonml  issues 
pertaining  to  cryshd  growth  under  microscopic  geomooical  constraints  need  to  ho  examined  in 
order  to  ac«,unt  for  the  oriented  crystallite  nanowires,  such  as  the  surface  energies  of  different 

crystal  faces  with  the  confining  walls. 

Applications  of  the  nanowire  composites  will  top  Oteir  potenUal  to  create  subsmntial 
electric  f.eld  patterns  over  the  sample  surface.  They  include  high  density  elecoical 
multifeedthroughs  and  high  spatial  resolution  charge  Oansfer  plates  and  photodetector  arrays.  A 
newly  developed  scanning  force  microscopy  techni<,ue  has  allowed  us  to  map  with  high  spahal 

resolution  the  electric  fields  generated  by  the  nanowires  when  charged.” 

The  nanowire  arrays  can  also  be  microengineered  to  become  optically  transmissive  and 

used  as  transparent  electrical  conmets.  Good  optical  transparency  and  eiecfiical  conductivity  can 
be  simulmneously  achieved  in  a  rneml  microstructure  where  there  is  electrical  isolation  along  the 
photon  electric  field  (i.e.,  the  photon  and  current-driving  electric  fields  are  perpendicular)  and 
a  self-screening  charge  can  be  developed  at  the  surface  of  the  memi  particles  by  the  light  field.” 
Hgure  4  shows  the  mid-infrared  optical  absorption  of  an  array  of  indium  nanowires  for  light 
propagating  along  the  wire  length.  The  absorption  of  the  nanowires  in  this  region  is  two  orders 
of  magnitude  smaller  than  that  of  hulh  indium  and  qualimtively  follows  the  spectral  shape 
predicted  by  simple  effective  medium  theones. 


4.  Summary  and  Future  Prospects 

Novel  nanostructures  of  conducting  materials  generated  by  dte  template  approach  are 
becoming  avaiiahle  through  a  variety  of  syntheses,  preesses.  and  hos..  We  have  described  a 
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class  of  electronic  composites  prepared  by  injection  of  the  conducting  melt  into  nanochannel 
templates.  The  recent  development  of  regular,  ultrasmall  channel  artificial  templates'’’**  will 
allow  for  the  design  of  a  new  type  of  ordered  nanocomposites. 
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Figure  1: 


Figure  2: 


Figure  3: 


Figure  4; 


figure  captions 


Porous  silica  (Vycor  Code  7930.  Coming)  of  5.6  nm  channel  diameter  and  33% 
porosity.  The  silica  appears  as  light  clusters,  the  channels  in  dark. 

Array  of  250  nm  diameter  metallic  wires,  the  wire  density  is  about  5  x  10*  cm- 

(a)  top  view,  (b)  cross-section. 

Theta-two  theta  scans  from  200  nm  wires  of  trigonal  Te  and  Bi^Te,  showing 
preferential  crystallite  orientation  (e-axis  petpendicular  to  the  wire  length).  Peaks 
are  labeled  by  the  plane  Miller  indices.  The  relative  intensities  for  randomly 
oriented  crystallites  are  indicated  in  parentheses.  The  diffracrion  geometry  is 

shown  in  the  insert. 

Absorption  coefficient  of  an  anay  of  indium  wires  200  nm  in  diameter  and  8  pm 
long  (metal  volume  fraction  close  to  50%)  for  unpolarized  light  propagating  along 
the  wire  length.  For  comparison,  the  absorption  coefficient  of  bulk  indium  in  this 

,  •  •  oKn.tt  1  X  10*  cm'*.  The  increasing  absorption  at  small 

spectral  region  is  about  l.J  x  lo  cm  .  i* 

wavenumbers  is  from  the  alumina  template. 
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Figure 


Figure  2.b 


